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The objective of this research project is to synthesize two and three component polyimide by
solution polymerization technique. Further, to synthesize four-component pendent polyimides by
attaching the zirconium complex to the three component
(3,4'
-ODA/ODPA/MADA) polyimide
backbones in presence of DCC to give the atomic oxygen resistant polyamic acid and polyimide. The
synthesized zirconium complex pendent polyamic acid was characterized by Thin Layer
Chromatography (TLC) to investigate its formation. TLC results indicated that no free zirconium
complex remain in the polymer solution. Woven glass and carbon fibres were impregnated with the
polyamic acid in the ratio of 40:60 of the resin : fibre forming a prepreg. Using the standard processing
conditions for polyamic acids (resembling NASA's LARC-IA polyimide), the prepregs were cured to
fabricate single and four ply glass and carbon fibre reinforced composites of both parent (without
pendent groups) and pendent polymers using autoclave machine at the University ofDelaware to
obtain well consolidated laminates. The molding cycle, as adopted, yielded laminates of 2-,
3- and 4-
component polyimides. Mechanical testing were then carried out on these laminates.
The mechanical properties, such as tensile strength, flexural strength, DMA, Izod impact
strength, and hardness were measured and compared for two, three and four component polyimide
composites. In glass fibre composite laminates, the Zr pendent polyimide has higher glass transition
temperature, Tg, storage modulus, E\ and thermal stability than the parent polyimides as observed
from DMA results. The tensile strength and hardness of the four component glass fibre composites was
higher compared to the parent polyimides. This could be due to strong adhesion of Zr pendent group to
glass fibre. Thus, this composite could have potential use in the applications where adhesion of the
polymer to any glass substrate is required. The two
component carbon fibre composites showed better
xiv
performance in tensile, flexural and impact strength as well as hardness compared to three and four
component polyimide composites.
The composites were also observed under the Optical Microscope and Scanning Electron
Microscope (SEM) after the mechanical tests to study the effects of adhesion of polymer resin to the
fiber reinforcement.
Our hypothesis that the zirconium pendant group is responsible for the strong
adhesion to glass
was supported by these mechanical tests.
xv
1. INTRODUCTION
Aromatic polyimides (Pis) are well known as polymeric materials of high performance. During
the past three decades, an impressive variety of polyimides have been synthesized because of both
scientific and commercial interests. Polyimides possess outstanding key properties such as thermo-
oxidative stability, high mechanical strength, high modulus, excellent electrical properties and superior
chemical resistance. Because of these merits, polyimides have been explored for new compositions and
processing methods aimed at value-added niche markets in high technology applications. Polyimides
are considered as specialty plastics because of their outstanding high performance engineering
properties. Table 1.1 gives some of the unique properties of the polyimide used for tubing. Their high
degree of ductility and inherently low coefficient of thermal expansion (CTE), polyimides can be
readily implemented into a variety ofmicroelectronic applications1.
Table 1.1 Specific Properties of the Polyimide for Tubing
Property Value
Specific Gravity 1.33
Tensile Strength 13,400 psi
Elongation 90 percent
Flexural Strength 20,000 psi
Flexural Modulus 430 ksi
Heat Distortion Temperature 238 C
Continuous Service Temperature 460 F
Coefficient of Friction 0.38
An important consideration in the successful synthesis of polyimides is a design of proper
composition and proper choice of synthesis method. Polyimides contain the imide structure -CO-NR-
CO- as linear or heterocyclic unit along the main chain of the polymer backbone. The specific
monomer used in the synthesis of polyimide is a function of the desired polymer structure, the method
of preparation to be employed and the application in which the final resin is to be used.
1
The majority of polyimides possesses extended rigid planar aromatic and heteroaromatic
structure and is infusible and insoluble. The conventional method for preparing polyimides involves
the condensation of aromatic or aliphatic tetracarboxylic acids or anhydrides with primary aromatic or
aliphatic diamines. The water liberated is removed by azeotropic distillation from the organic solvent
or distillation from the melt. The reaction of tetracarboxylic acid dianhyride with primary diamines at
ambient temperatures yields soluble polyamic acid which is converted to the corresponding polyimides
upon heating. In the two-step polyimide synthesis, a tetracarboxylic acid dianhydride is added to a
solution of diamine in a polar aprotic solvent such as N,N-dimethylformamide (DMF), N,N-
dimethylacetamide (DMAC) and N-methylpyrrolidone (NMP) at 15 to 75 C. The polyamic acid
generated is then cyclodehydrated to the corresponding polyimide by extended heating at elevated
temperatures or by treatment with chemical dehydrating
agents2
(see Figure 1.1). Since the polyimide
is insoluble & infusible, the polymer is usually processed in the form of polyamic acid, which is then
imidized in place. Autocatalytic reversible kinetics are followed for the formation of polyamic acid. In
this uncatalysed mechanism, the tetrahedral reaction intermediate is formed when the nuleophilic
amine attacks the electron poor carbonyl carbon of the anhydride group followed by the opening of the
anhydride ring to form amic acid group (see Figure 1.2). Here, the carboxyl "leaving
group"
remains
attached, which results in an amide and acid group that are ortho to each other. Solvent plays an
important role in the formation of polyamic acid. Most commonly used solvents are dipolar aprotic
solvents such as N-methylpyrrolidinone (NMP) and tetramethylurea (TMU). One of the most
important properties of these solvents is their basicity (Lewis'base). The strong acid-base interaction
between the amic acid and the amide solvent is a major source of exothermicity of the reaction and
hence the driving force. Therefore, it is expected that the rate of polyamic acid
formation is generally
faster in more basic and polar solvents .












Figure 1.2 Mechanism for the Formation of Polyamic Acid
The mechanism of imidization is quite complex. The outcome of the reaction depends on type
of dehydarating agents, monomer components of polyamic acids, reaction temperature and other
factors. The degree of imidization reached during the thermal treatment depends on the form of the
material and the heating cycle. The imidization proceeds rapidly at the initial stage (due to ring closure
of amic acid in the favorable conformation) and tapers off to a plateau, a typical diffusion-limited
kinetic process2.
The two most commonly used commercial dianhydrides are
3,3',4,4'-
benzophenonetetracarboxylic dianhydride (BTDA) and pyromellitic dianhydride (PMDA). However,
aromatic polyimides are difficult to process because of high softening temperatures. Therefore, many
attempts have been made to improve the processabilities and other desirable properties of aromatic
polyimides, such as improved durability of the structural adhesive, lower glass transition temperature
(Tg) and improved solubility in organic solvents. Studies to improve their solubilities or heat
plasticities, or both, without decreasing their original excellent characteristics, have been performed by
numerous researches3'4,5. Several approaches have been taken, such as the incorporation of flexible
ether and carbonyl linkage in the backbone to reduce the packing force6, the introduction of bulky
pendant groups to the backbone to enhance the free volume7'8, replacing aromatic groups with alicyclic
groups, addition of ethylene glycol sequences9'10'11'12, incorporation of meta-substituted diamines and
the introduction of fluorinated groups13'14.
Generally, the value of Tg can be attributed to the rigidity of the polymer chains and polymer
free volume. The more rigid the polymer chain and lower free volume, the greater the chain interaction
and the higher the Tg. The rigidity of the polymer chain is certainly an important factor for lowering
the Tg4.
The synthesis of controlled molecular weight semicrystalline polyimides based on l,3-bis(4-
aminophenoxy)benzene and 3,3', 4,4'-biphenyltetracarboxylic dianhydride (BPDA), end capped with
phthalic anhydride, is reported15. This polyimide displayed a glass transition temperature of 210C and
melting temperature of 395C. A unique feature
of this polyimide was the fact that quenching the
polymer from the melt, even at very high cooling rate (200C /min), did not result in an amorphous
polymer, implying very high crystallization rates from the melt. Polyimide samples with amine end
groups, as will as samples partially end capped with phthalic anhydride were
shown to display
distinctly lower thermal stability compared to phthalimide end-grouped samples. The improved
behavior was demonstrated by melt rheological and crystallization experiments. The structure and
synthesis route are shown in Figure 1.3 .
Copolyimides prepared from hexafluoroisopropylidene bis(3,4-phthalic anhydride, 6FDA),
l,12-di(4-aminophenoxy)dodecane and 4,4'-diaminodiphenylether were soluble in polar organic
solvents such as N-methyl-2-pyrrolidone (NMP), N,N-dimethylacetamide (DMA), dimethylformamide
(DMF) and m-cresol, tetrahydrofuran (THF) and chloroform, while the corresponding homopolyimides
were insoluble. Wide angle X-ray diffraction (WAXD) results show a clear relationship between the
crystallinity tendency and the solubility of polyimides. High crystallinity tendency leads to low
organo-solubility . The long flexible chains in the backbone of copolyimides are the least thermally
stable party. A copolyimide possesses much lower molecular regularity compared to the corresponding
homopolyimides. This decrease in regularity may lead to a decrease of intermolecular interaction,
which in turn increases the solubility of the copolyimide. The polymerization and structural diagram of
these copolyimides is shown in Figure 1.416.
Polyimides that are soluble in organic solvents are often prepared by the one-step method
wherein dianhydride and diamine are stirred in a high-boiling organic solvent at 180-220 C17. Under
these conditions, chain growth and imidisation essentially occur simultaneously. The water generated
during imidisation is distilled off. Heating at 100-150C for a short period produces low molecular
weight oligomers, which are then converted to a high molecular weight polymer by heating for several
hours between 240 and 350 C. The preparation of polyimides from aliphatic diamines and aromatic
dianhydrides is much more versatile than for polyimides derived from aliphatic diamines. A solution
polymerization process which does not utilize aprotic polar solvents has been investigated18. Poly(4,4'-
oxydiphenylenepyromellitimide) (PI) was synthesized by PMDA and
4,4'
-ODA in the mixed solvent
of THF/methanol (ratio of THF/MeOH between 9/1 and 4/6 by weight) to afford an entirely
homogeneous solution containing highly polymerized PAA.
r-*~"\_/"
1S"<\ a noirjts
Figure 1. 3 The Structure and Synthesis Route of Semicrystalline Polyimide
Figure 1. 4 The Structure and Synthesis Route of Soluble Polyimide Based on 6FDA
The differences in the properties of various polyimides are attributed to their different chemical
structure. There has been increasing activity in preparation of molecular composites of polyimides of
having very different structures17. Unlike polymer blends, the fabrication of molecular composites does
not involve inter-polymerization, exchange reactions and related molecular weight reduction. The
reinforced composite product has strong implications on widely differing fields such as electronics and
aerospace. With regard to the latter, the National Aeronautics and Space Administration (NASA) is
interested in aromatic polyimides that are Atomic Oxygen Resistant (AOR), thermally stable, solvent
resistant and possess excellent mechanical properties4,5. In low earth orbit (LEO) atomic oxygen (AO)
is the predominate oxidizer19. Single, neutral oxygen atoms in the ground state are the most
predominant species in LEO between the altitudes of 180 and 650 km. As spacecraft pass through the
atmosphere at these altitudes, they collide with the oxygen atoms with an equivalent energy ranging
from 3.3 to 5.5 eV. These collisions are energetic enough to break many chemical bonds and allow the
highly reactive AO to oxidize many organic and some metallic materials. Spacecraft in LEO collide
with AO causing the deterioration of all materials, including polymer. Understanding the behavior of
polymeric materials when exposed to the LEO environment is important in predicting performance
characteristics such as in-space durability.
The DuPont polyimide, Kapton, has been used in a variety of applications in LEO such as
International Space Station (ISS) and its erosion in LEO has been more extensively studied than any
other material. It has high UV stability, high thermal stability, high solvent resistance and low toxicity.
Its outstanding properties, e.g. light weight, flexibility, strength and IR transparency properties, enable
it to survive atomic oxygen and other environmental hazards including ultraviolet radiation, thermal
cycling, and impact from micrometeors and debris, make it suitable for use aboard spacecraft. One of
the most popular heating cycles for imidization consists of one hour at
100
C, followed by one hour at
200
C, followed by one hour at
300
C19'20. However, the oxidation rate ofKapton in LEO atomic
oxygen environment is great enough that structural failure of the part occurs in much less time than the
operating life of the spacecraft .
To reduce degradation of this polymer from exposure to AO, it is typically coated with a thin
layer of SiOx where 1.9<x<2.0. However, defects in the coating exist which allow the base polymer to
be attacked by energetic (4.5eV) AO causing erosion of the polymer substrate with subsequent gradual
loss on it mechanical integrity. Because AO penetrates through defect areas in the protective oxide
coating, gradual undercutting occurs21. A modified Kapton, designated as AOR (Atomic Oxygen
Resistant) Kapton, has been used as a back up material for the ISS solar array design. AOR Kapton
represents a significant improvement in AO resistance over pure Kapton. A zirconium complex
produced no volatile intermediates upon ground-based AO exposure. A sapphire disk located adjacent
to a glassy film of the zirconium material bis(N, N'-disalicylidene-l, 2-phenylenediaminato)
zirconium(IV), Zr(dsp)2, do not show any zirconium upon examination by x-ray photoelectron
spectrometry (XPS; see Figure 1.5).
Figure 1.5 Structure of Zr(dsp)2
In addition, zirconium complexes have all other properties required for AOR materials: (a)
Zr02 has a standard free energy of formation, which is -1042.8 KJ/mol and therefore is one of the
most stable metal oxides; (b) organically wrapped Zr should blend better, and thus distribute better,
than Z1O2 in the polyamic acid (re: "like dissolves like"); (c) a Zr02 protective layer should form if the
initial protective layer is compromised, i.e., a "self-
healing"
property similar to that of Si containing
8
AOR film should be exhibited; (d) Zr is relatively abundant and is not expensive. Erosion of a
composite (polymer with Zr complex as an additive) is slower than polyimide
Kapton
film under
identical conditions . A zirconium complex pendent polyimide, which contain up to 40 mol% of
mixed ligand zirconium complex, Zr(dsp)(adsp) (see Figure 1.6) is obtained by directly bonding the
complex with the soluble polyamic acid precursor of the desired Kapton-like ter-polyimide.
H2N.
Figure 1.6 Structure of Zr(dsp)(adsp)
Composite Polyimides
Fiber reinforced polymer composites are considered to be an important class of engineering
materials that offer unique flexibility in design capabilities. The advantages are high specific strengths
and moduli, strength to weight ratio and fatigue strength23. They are used in many diverse applications
in the aerospace, electronics and automotive industries. A precisely controlled ply of prepreg
represents a building block with well-defined mechanical properties. The first stage in fabricating a
component is laying down individual plies in the prescribed orientation. In this process, the physical
characteristics such as tack (binding or sticking together) and drape (outer coatings) are important
factors. In addition, the shelf life of the prepreg must be sufficiently long to allow the lay-up of
complex parts before resin advancement takes place. The major driving force for the use of composites
is reduced weight brought about by high stiffness/weight and high strength/weight ratios and the
potential for lower component cost.
9
Currently, a majority of aerospace applications rely upon composites having epoxy,
bismaleimide or polyimide polymer matrices reinforced with one of a number of high performance
carbon or aramid fibers. The choice of polymer matrix depends primarily on its long-term use
temperature and the service environment in which it will be used. By a judicious choice of starting
materials, polymers can be made that offer a variety of glass transition temperature, oxidative stability,
toughness, adhesion, and permeability. It is their outstanding thermal stability and relative ease of
fabrication that have established the polyimides as viable engineering materials for advanced
composites
'
. Aromatic polyimides have been attractive composite resins in the aerospace and
electronic industries. A new LARC-IA resin was recently developed from oxydiphthalic anhydride
(ODPA) and 3,4'-oxydianiline (3,4'-ODA) in N-methyl pyrrolidone (NMP). The resin system
exhibited excellent adhesive properties and thermo-oxidative stability. The solvent resistance was
improved greatly by replacing 10% 3,4'-ODA in the polymer backbone of LARC-IAX with 1,4-
phenylenediamine (p-PDA)26.
In the development of thermally stable and high temperature composites system, the matrix is
of prime importance and thermal stability arises from carbon fibre reinforcement. Carbon fibres are
inherently oxidative stable. The combination of the LARC-160 with a thermally stable, high strength,
240-Gpa fibre shows no property deterioration of consequence after 1000 hours at 260 C in air.
The novel polymer under investigation as a composite matrix resin is a zirconium pendant
polyimide based on 3,4'-ODA and 4,4'-ODPA. The (4-amino-N,N'-disalicylidene-l,2-
phenylenediaminato)
(N,N'
-disalicylidene-1,2-phenylenediaminato) zirconium (IV), Zr(adsp)(dsp) was
synthesized in the lab by other research student and was directly attached to the polyamic acid of
Kapton, then imidized. The onset of imidization occurs is C, the glass transition temperature is
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~296C and the thermo-oxidative decomposition temperature of this polymer observed is ~551C in
air
'
. The high glass transition and decomposition temperatures, coupled with its improved AO
resistance, make this novel polymer a strong candidate for use as a structural material aboard the ISS.
The objective of the present research is to synthesize novel two, three and four-component
pendent polyimides. Four component is prepared by attaching the zirconium complex to the respective
polymer backbones. Apply the optimum processing conditions for the novel pendant polymer to
fabricate glass and carbon fiber reinforced composites of two, three and four component polyimides,




Dicyclohexylcarbodiimide (DCC) was obtained from Aldrich. Methylene chloride, silica
gel Celite 545, chloroform, methyl ethyl ketone, ethyl acetate, acetone were obtained from Fisher
ChemAlertR
Guide. Benzenehexacarboxylic acid (mellitic acid) was obtained from TCI, Tokyo
KASEI. All of these chemicals were used as received.
4,4'
-Oxydiphthalic anhydride (ODPA) (Chriskev Company, Inc.) and 3,4'-oxydianiline
(3,4'-ODA) (TCI, Tokyo KASEI) were purified by subliming three times under vacuum at 180 to
200C and 80 C, respectively, and stored in a desiccator containing P205 to prevent the absorption
of moisture. Air was blown into the cold finger of the sublimation apparatus. The l-methyl-2-
pyrrolidinone, NMP, used for polymerization and DCC reactions, obtained from Aldrich, was
dried by vacuum distillation from calcium hydride, CaH2 and was stored in a desiccator to prevent
absorption of moisture.
Silica chromagram sheets used for thin layer chromatograms were obtained from Eastman
Kodak Co. Silica gel (mesh 200-400, 60A) for separation of Zr complexes was obtained from
Aldrich. The Zr complex used, Zr(adsp)(dsp), was synthesized by one of the earlier research
students by hydrogenation of Zr(ndsp)(dsp).
2.2 Sublimation of3,4'-oxydianiline (ODA)
The melting point of ODA is 67-71C, so the transformer (variac) was set at reading 18
during sublimation. Approximately 12 g of ODA, weighed in a weighing boat, was transferred to a
12
sublimation flask. While transferring ODA, care was taken not to spread the powder over the
center or circumference of the flask where the sublimation takes lot of time. I.e., the powder was
spread out in the form of an annular ring. The sublimation flask was covered with the sublimation
condenser which contained ice cubes, water, and water tubing for long term heat transfer. The
whole apparatus was covered with glass wool for insulation and a vacuum pump was connected to
the cold finger outlet. The transformer, set at 18, was switched on and the sublimation was carried
out for 9-10 hours. After sublimation was completed, the apparatus was dismantled and ODA
sublimed to the walls of the sublimation flask was scratched with a blade and weighed. The
unsublimed powder on the bottom of the flask was not scratched to avoid contamination. In all,
about 80% of the sublimed ODA was recovered. The sublimation was carried out 3 times to
achieve sufficient high purity.
2.3 Sublimation of'4,4 '-oxydiphthalic anhydride (ODPA)
The melting point of ODPA is 227-229 C, so the transformer (variac) was set at 43.5
reading during sublimation. Approximately 12 g of ODPA, weighed in a weighing boat, was
transferred to a sublimation flask. The procedure as described in section 2.2 was repeated. At the
end, about 80% of the sublimed ODPA was recovered. The sublimation was repeated 3 times to
achieve sufficient high purity.
2.4Mellitic acid dianhydride (MADA)
Synthesis
Mellitic acid dianhydride is prepared as a light brown solid from cyclodehydration of
mellitic acid. Mellitic acid (MA) was initially heated under 20 mL/min flow rate of nitrogen at
190-195C by using ethylene glycol at reflux for 20.5 hour. Approximately 6-7 g of well ground
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mellitic acid was placed on the inner surface of a 20 mL test tube and laid horizontally in a drying
pistol equipped with a thermometer, nitrogen inlet and outlet, all of which go through both the
inner and outer rubber stopper. The outer rubber stopper is placed at the opening of drying pistol,
while the inner rubber stopper is connected to the 20 mL test tube. Turning the outer rubber
stopper will turn the inner rubber stopper and consequently turn the 20 mL test tube, thus the
sample is turned periodically to give uniform heating of the MA. The synthetic route to MADA is
shown in Figure 2.1.
COOH
Mellitic Acid (M A)
108 hours heating in N,
COOH
Mellitic Acid Dianhydride (MADA)
Figure 2.1 Synthesis ofMADA
ThermogravimetricAnalysis (TGA)
The purity of the product was confirmed by the thermogravimetric analysis (TGA). TGA
were performed on TGA 2050 Thermogravimetric Analyzer (TA instruments Inc.). The amount of
MADA sample used in each measurement was 5-10 mg. The results were plotted as percentage of
weight loss versus temperature. MADA was analyzed in aluminum pans under nitrogen
atmosphere with a flow rate of 115 mL/min. Samples were heated from 20 to 150C with a heating
rate of 10C/min, and then from 150 to 500C with a heating rate of lC/min.
We should have observed only one step weight lost shown on its TGA curve with a 5.8%
mass loss, which was the result of 1 mole of water lost from MA. But actually, we observed more
than 8% mass loss, which was due to presence of some unreacted mellitic acid. Hence we had to
14
reheat and reflux for another 5 hrs and observe the TGA again. After repeating this procedure for a




loss of another mole of water from MADA, See Figure 2.2.
Figure 2. 2 Dianhydride Converts to Trianhydride in TGA
2.5 Calculationsfor the amount ofODA/ODPA/MADA and mixed ligand Zr complex required
for the synthesis of two, three andfour component PAA
The PAA synthesized in the laboratory is required for impregnation on glass and carbon
fibre to make composite laminates. It was decided that single layer composite laminates would be
fabricated for carrying out tensile testing and DMA analysis, while four layer composite laminates
would be fabricated to carry out other mechanical tests such as flexural, hardness and impact




(24.5 in2) for tensile
testing and DMA and
4(6.5"
x 2.5") = 65
in2
for the remaining tests. These laminates, once
fabricated, would be cut to the required sizes, after curing, for mechanical testing as per ASTM
specifications. In total, 20 laminates were decided to be fabricated based on glass and carbon fibre
polyimide composites in the ratio of 40:60 of resimfibre. The Table 2.1 shows the grades of
carbon and glass fibre selected for the fabrication of composites.
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Table 2.1 Features of Glass and Carbon Fibre Used





Carbon Hercules IM4 Plane Weave 5.8 oz/sy* 7.0 micron Hexcel
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sheet of carbon fibre weighs 3.1029 g. Therefore, to achieve 40:60 ratio of resimfibre,
2.0686 g of resin is required. Similarly, 65
in2
of carbon fibre weighs 7.599 g, which requires 5.066




sheet of carbon fibre weighs 5.7242g. So to achieve 40:60 rato of resimfibre, 3.8161g of
resin is required. Similarly, 65
in2
of carbon fibre weighs 15.1866g, which requires 10.1244g of
resin to achieve at 40:60 ratio of resimfibre.
For the two component PAA (ODA/ODPA), total of six glass and two carbon fibre based
PI composite laminates were fabricated, which required a total of 41.6819 g of ODA and 64.5712
g ofODPA. For three component PAA (ODA/ODPA/MADA), it was decided to fabricate
four
glass and two carbon fibre composite laminates; this required 30.2862 g of ODA, 42.21 g of
ODPA and 5.4482 g ofMADA. While, for the four components PAA (ODA/ODPA/MADA/Zr
complex), additional 13.0036 g of ODA, 18.1302 g of ODPA and 1.4771 g ofMADA was
required along with 3.546 g ofmixed ligand Zr complex.
The Table 2.2 gives the brief picture of
the amount of each component needed to synthesize PAA.
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Table 2.2 Amount of ODA/MADA/ODPA Required for PAA Synthesis











35.6356 48.6839 5.4482 -
IV component
system
9.6614 13.4701 1.4771 3.546
2.6 Synthesis oftwo-component PAA: poly(oxydiphthalic anhydride (ODPA)/ 3,4'-oxydianiline
(3,4'-ODA))using NMP as solvent
In a 500 mL round bottom flask containing a magnetic stirring bar, purified ODPA
(64.5712 g, 1.0 mmol) was added to 250.62 mL dry, freshly distilled NMP. The flask was capped
with a rubber septum and paraffin film with nitrogen flow and stirred for two hour, the solution
temperature was maintained at 0C by an ice-water bath. The 3-neck flask had thermometer
connected to one inlet and N2 tube to the other inlet. Both the connections were sealed with Teflon
tape to prevent any exposure to air. A needle was inserted through septum for N2 flow. Not all of
the ODPA was dissolved at this point. A 250 mL addition funnel with side arm was connected to
the round bottom flask, and top of the funnel connected to a dry tube containing calcium sulphate
and calcium hydride. A solution of 3,4'-ODA (41.6819 g, 1.0 mmol) dissolved in 201.08 mL of
dried NMP was added into the flask drop wise with constant stirring via addition funnel. Each time
when ODA was added, the solution in the round bottom flask was stirred for 2-3 min until the
yellow color, which appeared during addition of ODA, disappeared. An additional 131.14 mL of
NMP was used to rinse the flask to keep the mole ratio of the reactants equal to 1 : 1 and the
polymer solution 15% by weight. With the addition of diamine, the suspended solid ODPA
dissolved gradually. It dissolved completely after all of the diamine solution was added to the flask
and a viscious, transparent, homogenous yellow solution was obtained. It took about 9 hours to
17
complete the process. The polymer solution was moved to a cold room where the temperature was









Figure 2.3 Synthesis of Two Component PAA
2.7 Synthesis ofthree-component PAA: poly(oxydiphthalic anhydride (ODPA)/
3,4'-
oxydianiline (3,4'-ODA/Melittic dianhydride (MADA))using NMP as solvent
In a 500 mL round bottom flask containing a magnetic stirring bar, purified ODPA
(63.1537 g, 0.9000 mmol) and MADA (6.9253 g, 0.1 mmol) were added to 272.15 mL dry, freshly
distilled NMP. A solution of 3,4'-ODA (45.297 g, 1.0 mmol) dissolved in 218.35 mL of dried
NMP was added into the flask drop wise with constant stirring through addition funnel. An
additional 142.40 mL of NMP was used to rinse the flask to keep the mole ratio of the reactants
equal to 1:1 and the polymer solution 15% by weight. The remaining procedure was the same as











Figure 2.4 Synthesis of Three Component PAA
2.8 Separation ofZr complexes from Zr(adsp)(dsp) mixture by column chromatography
The glass column was dried overnight prior to the start of experiment. The column was
then packed with silica gel celite 545 up to
3/4th
the height of the column. A few grams of sand
was added on the top of the silica packing to prevent disturbance to the column. Three Whatmann
filter papers cut to the column size was then placed on the top of the sand layer. A 2.2 g mixture of
Zr
complexes27
(obtained by hydrogenation of the corresponding nitro-reaction products) was
separately dissolved in a beaker in the solution of methylene
chloride- ethyl acetate in the ratio of
93:7 (methylene chloride: ethyl acetate). The undissolved Zr complex was filtered off under
vacuum filtration using Buchner funnel. The three-complex Zr solution was then transferred to the
column and two complexes were separated using 500 mL mixture ofmethylene chloride and ethyl
acetate in ratio of 93:7 as eluting solution. The yellow color eluent coming out of the column was
collected in small vials. After 100 vials used for collection, the remaining eluent was collected in
19
50 mL beaker. During the elution, 500 mL of the methylene chloride and ethyl acetate solution
was added several times. The entire process took approximately 18-20 hour. The eluent collected
in vials and beakers were then tested for pure Zr complex (adsp)(dsp) by thin layer
chromatography (TLC) technique using silica chromatogram sheets. The mixture of complexes
produces three bands on the column. The second band is collected and concentrated by rotary
evaporation. The purity of the product was confirmed by spotting a dilute methylene chloride
solution onto a silica TLC plate and eluting with methylene chloride-ethyl acetate solution (7:3).
Only one spot was observed in the resultant chromatogram. The pure samples were combined
together and the solvent was evaporated using rotary evaporator.
2.9 Rotatory evaporation ofpure Zr-complex (dsp)(adsp)
It was observed form the analysis of TLC that the beaker numbered 5-9 contained pure and
required mixed ligand complex (Zr (adsp)(dsp). The dried residue in those beakers was mixed
together in a beaker by dissolving them in methylene chloride. The entire solution was transferred
to a 500 ml round bottom flask attached to the rotary evaporator (Rota Vapor Buchi RE 1 1 1). The
temperature of the bath was set at 35 C (boiling point ofmethylene chloride is 40 C) and rpm
was maintained at 135. Most of the solvent was evaporated at 35 C but last few drops of the
solvent left in the flask was basically ethyl acetate solvent, which was evaporated at 70 C. Upon
completion, the solid complex was scratched off the walls of the round bottom flask and weighed.
The remaining residue in round bottom flask was dissolved in methylene chloride solvent and
transferred to a china dish to allow the solvent to evaporate. This residue, consolidated with a razor
blade, was mixed with the remaining solid and weighed. In all, we obtained 0.25 g of the Zr
complex.
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2.70 Synthesis ofa 10%(mol) zirconium-pendent, four-component PAA: poly(oxydiphthalic
anhydride (ODPA)/mellitic aciddianhydride(MADA)/3,4,-oxydianiline (3,4'-
ODA)/Zr(adsp)(dsp))
The zirconium complex Zr(adsp)(dsp) pendent poly(amic acid) was synthesized by the
addition of mixed ligand complex to the poly(amic acid) backbone in the presence ofN,N'-
dicyclohexylcarbodiimide (DCC). Yellow Zr(adsp)(dsp) powder (3.5461 g, 0.9000 mmol) was
dissolved in 19.45 mL NMP and added into 160.3176 g poly(amic acid) solution. A stoichiometric
amount ofDCC (0.9955 g, 0.9000 mmol)/NMP (2.72 mL) solution was added dropwise to the
complex-polymer solution via a 3 mL syringe and was shaken vigorously by taking the flask out of
the ice bath to avoid lump formation. The flask was placed back into the ice bath and the solution
as stirred for 3 min before the next addition. More NMP was used to rinse the container and
syringe three times (i.e 1.5 mL, 1.0 mL, 1.0 mL) and added into the reaction flask. The completion
of the reaction was monitored by spotting the solution onto a silica gel TLC plate, and eluting with
methylene chloride/ethyl acetate (93:7). The Zr(adsp)(dsp) and nonpendent poly(amic acid) were
used as references on the TLC plate, which was viewed under UV light upon completion. After all
of the DCC/NMP solution was added to the reaction flask, a spot due to free zirconium complex
was still observed on the TLC plate, which meant that the zirconium complex was not completely
reacted with polymer backbone. An additional 7 % (mol) ofDCC/NMP solution was added. The
TLC test described as above was performed again, this time observing faintly yellow spot which
could be due to impurities in zirconium complex. The addition was stopped, which meant that the
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Figure 2. 5 Synthesis of Four-Component PAA[ODPA/ 3,4'-
ODA/MADA/Zr(adsp)(dsp)]
2.11 Fabrication ofglass and carbon fibre based composite prepregs from two component PAA
(ODA/ODPA)
It was decided that a total of six glass and four carbon fibre composite prepregs would be
fabricated for carrying out the required mechanical tests of cured composite laminates. The long




(94.5 in2) were taken, which were then
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cut to the desired sizes after impregnation and curing. To fabricate 94.5
in2
carbon fibre prepregs,
19.9359g of resin was required to be impregnated on fibre to achieve 40:60 ratio of resimfibre,
while, for the glass of the same dimensions, 34.7982 g of resin was required. The resin was diluted
with dried NMP solvent for the better and uniform coating. The impregnation was carried out by
hand lay-up technique using steel rollers for having uniform coating. After each impregnation on
both sides of fibre, the sheets were heated in the air-circulating oven for an hour, cooled and
weighed. This procedure was repeated until the desired ratio of 40:60 (resimfibre) was achieved. It
was observed that total of 7 coatings were needed to achieve the desired ratio. Finally, the
impregnated prepregs were heated up to 160C for an hour (assuming some solvent loss, weight
ratio might be
40":60+
at this point) and cooled and stored in the refrigerator.
2.12 Fabrication ofglass and carbon fibre based composite prepregs from three component
PAA (ODA/ODPA/MADA)
It was decided that a total of two glass and two carbon fibre composite prepregs would be
fabricated for carrying out the required mechanical tests of cured composite laminates. The





(94.5 in2) carbon fibre prepregs, 19.9359 g of resin was required to be
impregnated on fibre to achieve 40:60 ratio of resimfibre, while, for the glass of the same
dimensions, 34.7982 g of resin was required.
2.13 Fabrication ofglass and carbon fibre based composite prepregs from four component PAA
(ODA/ODPA/MADA/Zr complex)
Due to limited amount of mixed ligand complex available with us, it was decided not to
carry out impact test on the fabricated composite laminates. Therefore, the final dimension of each
prepregs was made smaller. It was decided that a total of one glass and one carbon fibre
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= 19.5 in would be
"abricated for carrying out the required mechanical tests of cured composite laminates. Thus, the





1.5")] and then cut to the desired tests sizes after impregnation and curing. To fabricate 57 in
carbon fibre prepregs, 12.0317 g of resin was required to be impregnated on fibre to achieve 40:60
"atio of resimfibre. While, for the glass of the same dimensions, 22.196 g of resin was required.
The remaining procedure for the fabrication of composite prepreg was the same as discussed in
section 2.8.
2.14 Imidization ofglass and carbon fibre compositeprepreg laminates
The glass and carbon fibre prepregs prepared at RIT from two, three and four components
PAA were imidized in the autoclave machine at the Centre for CompositeMaterials in the
University ofDelaware in Newark, Delaware. Before applying pressure, vacuum was applied via
an inner Kapton bag. The molding cycle as shown in Figure 2.6, consist of the following steps.
1 . Apply vacuum (30 in. Hg).
2. Heat B-stage prepreg at 300C using a ramp rate of 5 C/min and pressure ofnearly 250 psi
(170-180 psi achieved), and hold there for an hour.
3. Cool in the press at controlled rate. Release the pressure at 100 C, while maintaining the
vacuum throughout the molding cycle.
The samples were fabricated in two batches. For the autoclave preparation, the cooking
table was cleaned first with acetone, and then Kapton film with releasing agent was laid over it.
Composite prepregs were then staked on the table, and another Kapton film with the release agent
was laid over them. Breathers (channels air under high pressure) were arranged at the four corners
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of the film. A wax like tape was applied to the four comers of the cooking table so as to ensure
good adhesion of the bagging film to the table while vacuum is applied. The bagging film (Kapton
film without the release agent) was then used to cover the entire cooking table. The arrangement of
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Figure 2.7 The Autoclave Cooking Table for Imidization of Composite Laminate
The film was pressed over the tape to prevent air-leaks. Finally, another Kapton tape was
applied at the edges of the cooking table to ensure good seal. The cooking
table had four inlets:
two for pressure transducer and two for vacuum. The cooking table was then inserted into the
autoclave machine and the desired molding cycle was started. Figure 2.8 shows the imidization of
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Figure 2.8 Imidization ofFour Component PI[ODPA/MADA/3,4'-ODA/Zr(adsp)(dsp)]
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2.15 Characterization ofcomposites
The cure composite laminates were cut to the desired dimensions as per ASTM specifications
at Xerox Corporation using a diamond coated saw blade. The following Table 2.3 gives the details
of the dimensions of each samples according to the mechanical test carried out on them.
Table 2.3 Dimensions of Each Samples Cut as per ASTM Standards for the Mechanical Tests
Tests (ASTM) Dimensions
















2.15.1 Burn test to determine weight ratio ofresin to fibre in composite laminates
An empty crucible was heated to red hot and cooled by keeping in the dessicator for half an
hour. The crucible was then weighed accurately. To this, a small composite glass sample (two or
three or four component PI composite) was weighed and again heated to red hot till all the
polyimide was burned off and a pure shining glass fibre was left behind. The crucible was again
cooled in the dessicator and weighed. The percentage weight loss was calculated to get the weight
ratio of resin to fibre. The procedure was repeated for the carbon fibre composite samples.
2.15.2 Density ofglass and carbon fibre composite laminates
A beaker along with a small carbon composite sample was weighed separately. A few mL
of water was added to the beaker and weighed again. The composite sample sunk in the beaker due
to higher density. To this, a saturated solution of potassium iodide was added till the composite
sample was suspended in the beaker. The whole solution was weighed again. The solution volume
was measured using a volumetric pipette. The density was then calculated from the weight of the
solution and the volume, which corresponds to the density of the composite sample. The procedure
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was repeated for the other carbon fibres composite laminates. The density of glass fibres
composite laminates were measured using Archemedies principle. The glass sample was weighed
and dipped into the pre-measured volume of the water in the cylinder. The displaced volume was
then divided by the weight of the sample to calculate the density.
2.15.3 Dynamic Mechanical Analysis (DMA; ASTMD5023)
DMA of single ply composite samples was performed on Seiko Instrument DMS 1 10-SDM
5600 (3-point bending mode). The single ply composite samples
(2"
x 0.3") were used in each
measurement. The samples were mounted in two stationary clamps first, then the hex screws were
tightened down on the motorised arm. Heating from 100C to 340C under nitrogen flow of 300
mL/min, at a rate of 2C /min and frequencies of 0.2, 2 and 20 Hz, were used for all the runs. The
results were plotted as loss modulus (E") verses temperature and the storage modulus (E') at Tg,
Tg-50C and at 300 C were noted. All the samples were tested twice under the same conditions to
show how uniform and stable the data values are.
2.15.4 Harness Testing (ASTMD785)
The hardness test was conducted as per ASTM D785 (Rockwell Scale) on an Instron,
Wilson Rockwell Series 2000 atMechanical Engineering Technology Department of RIT. With a
sample thickness of 1.3-1.5 mm, a minor load of 10 kg is applied for 10 sec followed by the major
load of 100 kg for 15 sec. The Rockwell hardness (M) is the value of the non-recoverable
indentation or penetration. The spherical indenter of diameter
Va"
was selected for the analysis. 3
or 4 of each composite laminate based on two and three component PAA were tested at three
different locations, and a single composite sample based on four component PAA was tested
similarly. Each specimen is placed on the anvil of the apparatus, and then the minor load is applied
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by lowering the steel ball on to its surface. The minor load dents the specimen slightly, and assures
good contact. The dial is adjusted to zero under minor load and then the major load is applied for
15 sec.
2.15.5 Flexural Testing (ASTMD790)
The flexural testing on composite laminates was conducted as per ASTM D790 on a MTS
45/G 642.1013 instrument at Mechanical Engineering Technology Department of RIT. A three-
point bend fixture was used with the load cell rated at 2000 lbs and maximum load of 10 KN. A




rests on two supports and is loaded by means of a loading
nose midway between the supports (Figure 2.9). The loading nose and the support must have
cylindrical surfaces. The radius of the nose and the nose support should be at least 1/8 in. to avoid
excessive indentation or failure due to stress concentration directly under the loading nose. A
span-
to depth ratio of 30-32:1 was used. The specimen is deflected until rupture occurs in the outer
surface of the test specimen or until a maximum strain of 5% (0.05 mm/mm) is reached, which
ever occurs first. A strain rate of 0.01 mm/mm/min, with the initial speed of 5.1 mm/min, was
chosen for the entire composite specimen. The width and thickness of the specimen was measured
during each run. The thickness and width of each specimen were determined at three to four places
along the length and the average value was recorded. The plot of stress (MPa) verses strain
(mm/mm) was plotted and analyzed.
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Figure 2.9 Flexural Test Set UpWith Span-to-Depth Ratio of 32:1
2.15.6 Tensile Testing (ASTMD3039)
The tensile testing of composite laminates was conducted as per ASTM D3039 on a MTS
45/G 642 at Mechanical Engineering Technology Department of RIT. 1013 instrument with 22




dimensions were used for
the tests. End tabs of glass reinforced epoxy were bonded to the specimen using Hysol 9309.3 NA
-two part epoxy (Dexter Adhesives). The grips of the tension test frame introduce larger stress
concentrations in the specimen, so end tabs with tapered ends (typically 30 degree bevel angles)
were bonded on each side of the specimen through which load is shared (see Figure 2.10). A
specimen of rectangular cross section was mounted on the grips of a mechanical testing
instrument. While loading the specimen, using its end tabs, the coupon was extended so that the
grip jaws extended approximately 10-15 mm past the beginning of the tapered portion of the end
tab. The width and the thickness of the specimen were measured for each run. A strain rate of 0.01
mm/min with the maximum cross head speed of 2 mm/min was chosen. The plot of stress (MPa)







Figure 2.10 Sample Dimensions and End Tab Locations (Not Drawn to Scale)
2.15.7 Izod Impact Testing (ASTMD256)
Impact testing on composite laminates was conducted as per ASTM D256 on TMI Testing
Machine Inc. 43-1 atMechanical Engineering Technology Department of RLT. The machine
consists of a base for holding the specimen, which is further connected to a pendulum-type
hammer through rigid frame with releasing mechanism, and a pointer indicating the excess energy




were notched at the
center to concentrate the stress and direct the fracture to the part of the specimen behind the notch.
Notching was done on a milling machine in Mechanical Engineering Department of RLT on a
suitable machining tool (Bridgeport Series I 2HP). Both the feed speed and cutter speed were kept
constant throughout the operation. A cutter (Carbide Tipped Dovetail, 2X 45-DEG, Whitney Tool
Company Inc., Indiana) was used for notching the specimen. The angle of notch was 45
1
with
a radius of curvature of 0.25 0.05 mm. The plane bisecting the notch angle is perpendicular to
the face of the test specimen within 2. After noting the breaking energy for the specimen, 10 lbs
and 2 lbs pendula were selected for the glass and carbon fibre composite samples. Before starting
the experiment, the error value in the pendulum swing was checked. The specimen was held
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precisely and rigidlywith the help of support metal bars in the vise so that the notched end of the
specimen is facing the striking edge of the pendulum. The pendulum was released and allowed to
strike the specimen and swing through. The excess energy remaining in the pendulum was
recorded. The correction, so calculated, was subtracted from the indicating breaking strength of the
specimen. The net value was divided by the measured width of the specimen to obtain its impact
resistance in ft-lbs/in. The energy required to break a specimen is the sum of the energies needed
to deform it, initiate and propagate the fracture.
2.15.8 OpticalMicroscopy and Scanning Electron Microscopy (SEM)
A Nikon Eclipse 600 P01 Optical Microscope was used to observe and take pictures of
glass and carbon fibre composite samples before and after failure by impact and tensile testing.
The resolution and color optimized pictures were obtained by using refractive light and
wavelength under 530 nm. A magnification of 50x was used to take pictures of each failed sample.
SEM pictures of films after failure of the samples by impact and tensile tests by using a
Philips 525 Scanning Electron Microscope at a tilt angle of45. The failed polyimide laminates
were used to make the stub, followed by surface deposition with approximately 100 angstroms of
gold. The parameters were 15 kv, 10 um, spot size 200, working distance of 16 mm, and




Approximately 1 1-12 g of the compound, used for the sublimation, took 8-9 hours for
completion of the sublimation process. Some of the compound sticking to the bottom of the
sublimation flask was disregarded just to avoid the contamination of our sublimed product. Thus
there was 75-80% recovery of the starting material. The melting point after the sublimation was
76-80C for ODA and 224-227C for ODPA as compared to 67-71 C (ODA) and 227-229 C
(ODPA) respectively. The color of ODA and ODPA changed from light brown to white.
3.2 Mellitic acid dianhydride (MADA)
In the TGA curve ofmellitic acid dianhydride, only one weight loss step occurs before the
decomposition. The weight loss of the first step agrees well with the calculated value of one
molecule of water loss ofMADA to turn to trianhydride, 5.8%. TGA curve confirms the purity of
MADA. See Figure 3.1.
3.3 Synthesis of two, three andfour component PAAs
Upon addition of the diamine (3,4'-ODA/NMP) to the ODPA or the ODPA/MADA
mixtures, the viscosities of reaction solutions increase noticeably. The reaction mixture turned to a
















The Zr(adsp)(dsp) pendent polyamic acid was prepared by the attachment of zirconium complex to
the polymer backbone PAA (ODAP/MADA/3,4'-ODA) by reaction between the amino group of
Zr(adsp)(dsp) with the adjacent carboxylic acid groups in the polymer backbone. Anhydride-like
reactivity on the polymer backbone results from dehydration of the adjacent carboxylic acid
groups on MADA with N,N'-dicyclohexylcarbodiimide (DCC). TLC was performed to detect the
completion of the reaction. The spot corresponding to free zirconium complex disappears when
sufficient DCC has been added, and the color of the spot at the origin (due to polymer) becomes
brownish orange instead of light brown, which means the zirconium complex was attached to the
polymer backbone completely (See Figure 3.2).
Zr P P+Zr Zr P P+Zr
P : Polymer
Zr : Zirconium Complex
P+Zr : Polymer + Zirconium Complex Reaction Solution
Figure 3.2 TLCs Indicating Attaching Zirconium Complex to Parent Polyamic Acid
(a) Before and (b) After Reaction with DCC
During the addition of diamines to dianhydrides system and DCC to the
solution of
polyamic acid and Zr(adsp)(dsp), formation of gel was sometimes observed. Slow dropwise
addition of diamines and DCC, and sufficient time for stirring well during addition of diamines
proved to be effective in preventing gel formation.
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3.4 Fabrication ofglass and carbon fibre polyimide composites
During the fabrication of the prepregs, the prepregs were heated at 100C in an air
circulating owen for an hour by placing the prepregs on release films from Airtech International
Inc. (WC 5200 B-001). As the prepregs were very tacky and would stick to the release films, it
was decided to punch large number of holes into the latter for the better air circulation and drying.
After each coating and subsequent heating, cooling for a few minutes was desirable before
weighing, to thermally equilibrate the prepregs to room temperature. In total, eight coatings were
required to achieve 40:60 weight ratio of resimfibre in case of glass fibre and seven coatings were
required in case of carbon fibre prepregs. The dilution of PAA resin with dried NMP proved to be
effective for uniform and smooth coating.
3.5 Imidization ofglass and carbon fibre composite prepregs
During the preparation of the autoclave cooking table, sealing with waxy and Kapton tape was
highly desirable to prevent air leaks. Pressure was applied in the beginning of the molding cycle so
as to obtain the desirable pressure of 250 psi k 300 C for an hour. Vacuum was maintained
throughout the molding cycle to get rid of any volatile or reactive chemicals
liberated from the
resin during molding. Figure 2.8 shows the imidization of Zr(adsp)(dsp) pendent co-polyimide.
After processing, the glass and carbon fibre reinforced PI laminates were in the form of stiff brown
and black sheets respectively.
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3.6 Characterization of composites
3.6.1 Burn test to determine weight ratio ofresin to fibre in composite laminates
The weight ratio calculated by subtracting the weight of the fibre left from the weight of
the composite sample initially weighed. Table 3.1 gives the weight of the resin to fibre actually
obtained after imidization of the composite prepregs.





Two Component Pure (Carbon) 43 57
Two Component Pure (Glass) 33 67
Three Component (Carbon) 44 56
Three Component (Glass) 37 63
Four Component (Carbon) 35 65
Four Component (Glass) 33 67
3.6.2 Density ofglass and carbon fibre composite laminates
The density of carbon fibre was calculated dividing the mass of the solution used to
suspend the sample by volume of the solution. Density of the glass fibre samples were calculated
by dividing the mass of the sample by the measured displaced volume. Table 3.2 gives the densilty
of both the glass and carbon fibre composite laminates.
Table 3.2 Density of Composite laminates
Composite Laminate Density of the
Laminate (g/cc)
Two Component Pure (Carbon) 1.43
Two Component Pure (Glass) 2.067
Three Component (Carbon) 1.33
Three Component (Glass) 1.992
Four Component (Carbon) 1.35
Four Component (Glass) 2.069
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3.6.3 DynamicMechanical Analysis (DMA; ASTMD5023)
The storage modulus (E') values observed at Tg, Tg-50C and at 300C from the plot of
E"
verses temperature (measured at 0.2 Hz) is given in Tables 3.4, 3.5, 3.6 for the two, three and four
component polyimide composites. The analysis for the two component impure glass and carbon
fibre PI composite was also carried out and is shown in Table 3.3. The modulus drops at Tg as the
polymer passes through the glass transition and changes from glassy to rubbery state. The different
modulus allows better characterization of the material due to its ability to store and lose energy.
Figures 3.3 - 3.10 give plots of loss modulus (E") versus temperature for two, three and four
component glass and carbon fibre PI composites, and Figures 3.11-18 give plots of
E'
versus
temperature for two, three and four glass and carbon fibre component PI composites. The
E'
values for PI composites at 300C and at Tg were compared for the study. Figures 3.19-3.26 give
plots of tan 5 verses temperature for two, three and four glass and carbon fibre component PI
composites to estimate the visco-elastic characteristics of the PI composites.
The glass transition temperatures for the various PI composites are listed in Table 3.7.
There have also been changes in the
E'
at these temperatures. Table 3.8 compares the differences
in the
E'
values for different PI composites at Tg and Table 3.9 compares the differences in the
E'
values for different PI composites at 300 C. On comparing the
E'
for two and three component
glass and carbon fibre PI composites, not much change in the modulus values was observed. The
fibre-polymer and polymer-polymer interactions appear to be almost the same for two and three
component PI composites, thereby indicating that 10 % (mol) MADA did not exert great effect on
the properties of the composites. For the four component PI composites, higher modulus values
were observed compared to two and three component PI composites. The DMA data also show
that incorporating zirconium complex to PI structure can also increase the thermal stability of
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composites as evidenced by the 12-15 C shift to higher temperature of the modulus maximum
corresponding to the glass transition temperature (Table 3.7). DMA experiments at 2Hz and 20 Hz
were also done with little change in
E'
results ( 2-4Gpa).
The carbon and glass fibre samples have been designated as follows:
2Ci# = Two Component impure Carbon Fibre PI Composite
2Ci#r = Repeat DMA Test for Carbon Fibre PI Composite
2Gi = Two Component impure Glass Fibre PI Composite
2Gi#r = Repeat DMA Test for Glass Fibre PI Composite
3C# = Three Component Carbon Fibre PI Composite
3C#r = Repeat DMA Test for Carbon Fibre PI Composite
3G# = Three Component Glass Fibre PI Composite
3G#r = Repeat DMA Test for Glass Fibre PI Composite
4C# = Four Component Carbon Fibre PI Composite
4C#r = Repeat DMA Test for Carbon Fibre PI Composite
4G# = Four Component Glass Fibre PI Composite
4G#r = Repeat DMA Test for Glass Fibre PI Composite
Table 3.3 Modulus of Two Component Impure PI Composite











CM 190.62 8.66 9.3
Ci2 192.35 20.6 23.9
Ci3 197.01 23.5 27.3
Ci1r 195.83 36.8 44.0 28.7
Ci2r 198.32 50.5 53.7 36.7
Ci3r 202.69 69.2 71.6 52.5
Gi1 172.17 543.0 734.0
Gi2 179 719.0 958.0
Gi3 174.79 9.18 11.7
Gi1r 188.6 10.7 14.9 8.26
Gi2r 187.53 13.9 17.4 9.83
Gi3r 188.21 14.1 17.1 10.3
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Table 3.4 Modulus of Two Component Pure PI Composite











C1 188.71 48.4 53.5 36.6
C2 191.65 43.1 46.9 34.0
C3 190.53 35.6 38.3 30.2
C4 191.78 55.7 61.0 45.9x
C5 189.07 58.0 61.9 46.0
C6 188.05 52.9 55.4 44.1




C3r 246.99 57.6 75.0 46.0
C4r 250.29 45.1 55.5 38.0
C5r 245.45 57.5 48.2 47.0
C6r 246.54 50.5 65.0 39.8
G1 158 12.9 21.8 9.67
G2 134.66 14.6 20.8 8.73
G3 156.49 13.9 18.7 9.97
G4 149.56 15.6 23.3 10.1
G5 153.85 11.1 17.0
_j
7.04
G6 142.41 9.37 13.0 6.19
G7 146.67 14.1 19.7 11.0
G8 140.53 13.8 17.8 10.3
G9 143.64 14.1 19.9 9.65
G1r 242.17 12.1 17.7 8.86
G2r 187.54 13.9 17.4 9.82
G3r 240.13 12.0 18.2 9.17
G4r 249.48 11.0 12.4 8.68
G5r 241.41 15.9 21.2 12.0
G6r 240.76 12.0 17.0 7.92
G7r 237.45 9.13 12.0 7.83
G8r 245.99 16.2 23.3 11.8
G9r 237.78 13.4 17.7 9.71
Table 3.5 Modulus of Three Component PI Composite
Samples at Tg and











C1 195.9 17.3 19.8
C2 203.99 35.9 40.4 29.3
C3r 251.48 26.3 35.2 20.1
C4 192.5 32.1 36.6 25.3
C5 253.74 21.6 27.3 18.7
C6 200.77 27.8 32.3 21.8
C1r 253.66 25.4 35.5 20.1
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C2r 255.06 42.5 46.8 37.0
C4r 257.81 26.8 35.3 22.6
C5r 254.55 34.6 38.3 29.7
C6r 253.63 37.1 38.4 31.6
G1 183.2 7.22 9.45
G2 196.2 6.56 7.87
G3 192.52 5.93 7.33
G1r 196.22 12.8 15.5 8.54
G4 182.12 14.6 20.5 9.12
G5 187.17 12.3 16.0 8.56
G6 185.37 14.8 20.1 9.74
G2r 183.82 11.7 16.5 8.37
G3r 255.08 15.9 21.5 11.9
G4r 255.51 11.9 16.6 9.28
G5r 254.92 13.6 19.4 11.2
G6r 252.9 12.7 16.3 10.5
G7r 208.87 13.2 16.2 9.26
Table 3.6 Modulus of Four Component PI Composite











C1r 261.95 34.1 46.7 28.2
C2r 261.75 4.0 49.9 36.3
C3r 259.05 45.3 65.1 39.0
G1 178.72 11.8 1.9.0 8.07
G2 173.29 14.7 11.0 7.21
G3 150.71 17.3 17.4 8.56
G4 182.56 17.0 22.8 10.3
G1r 244.8 7.28 11.9 4.86
G2r 241.86 9.91 15.2 6.57
G3r 252.59 14.4 24.8 10.2
G4r 253.81 17.8 24.0 13.4
Table 3.7 Glass Transition Temperatures for Various PI Composites
PI Composites Tg(C)
Two Component (Impure) - Carbon Fibre 198
Two Component (Impure) - Glass Fibre 188
Two Component (Pure) - Carbon Fibre 246
Two Component (Pure) - Glass Fibre 245
Three Component - Carbon Fibre 255
Three Component - Glass Fibre 254
Four Component - Carbon Fibre 261
Four Component - Glass Fibre 253
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Table 3.8 Differences in theModulus Values for Different
PI Composite Specimens at Tg





Two Component (Impure) - Carbon Fibre 37-69
Two Component (Impure) - Glass Fibre 11-14
Two Component (Pure) - Carbon Fibre ^ 29-58
Two Component (Pure) - Glass Fibre 9-16
Three Component - Carbon Fibre 25-43
Three Component - Glass Fibre 12-16
Four Component - Carbon Fibre 34-45
Four Component - Glass Fibre 14.4-18
Table 3.9 Differences in theModulus Values for Different
PI Composites at 300C





Two Component (Impure) - Carbon Fibre 29-52
Two Component (Impure) - Glass Fibre 8-11
Two Component (Pure) - Carbon Fibre 27-47
Two Component (Pure) - Glass Fibre 8-12
Three Component - Carbon Fibre 20-37
Three Component - Glass Fibre 8.4-12
Four Component - Carbon Fibre 28-39
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3.6.4 Harness Testing (ASTMD785)
The Rockwell Hardness test on scale M was performed on the polyimide composite
laminates. This test measures the net increase in depth impression as the load on an indenter is
increased from a fixed minor load to a major load. Tables 3.10, 3.11, 3.12, 3.13 give the hardness
values for the two component (pure & impure), three and four component glass and carbon fibre PI
composites. The highlighted values are the average values for each set of measurements. The
numbers 1,2, 3 indicate the total number of specimens, each tested at three different locations.
From these tables, it was observed that two component PI composites based on carbon fibre (pure
and impure) were the hardest followed by the four component and then lastly three component PI
composites. While, in case of glass fibre composites, four component specimens was the hardest of
all the pure samples, followed by three and two component PI composites. Hardness in three and
four component samples was due to the presence ofmore rigidMADA residues and bulky mixed
ligand Zr complex in three and four components PI, respectively, and their better reinforcing effect
by glass fibre.






106.767 80.23333 90.56667 85.4





113.3 109.7 85 79.4 66.5 82.1
115.2 97.7 103.2 52.6 27.9 47.1
62.9 101.7 112.7 63.6 44.3 56
97.1333 103.0333 100.3 65.2 55.40 61.73333 57.72222
Note : Neglect 27.9 value in glass sample on the basis ofQ test
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90.7 87.66667 75.73333 84.7
1 2 3 4
90.4 48.5 97 42.7
84.9 34.8 44 71.3
98.1 36.3 66.1 50.4
77.1 28.9 35.9 65.2
91.13333 39.86667 69.03333 54.8 63.70833






3.6.5 Flexural Properties (ASTMD790)
Flexural properties are reported in terms of the maximum stress and strain that occurs at the
outside surface of the test bar. The inter-laminar shear stress is maximum at the beam center. The
stress-state is highly dependent on the span-to-depth ratio (1/d). The diameter of the noses and
support pins should be at least 6.4 mm. The maximum diameter is three times the specimen
thickness. Because the composite sample do not break under flexure even after a large deflection,
the flexural yield strength is reported when the maximum strain in the outer fibre of the specimen
has reached 5%. Flexural strength is the maximum stress in the outer fibres, i.e., the load value is
the maximum load at which there is no longer increase in load with an increase in deflection. The
flexural modulus is a measure of stiffness during the initial part of the bending process. It is
represented by the slope of the initial straight-line portion of the stress-strain curve and is
calculated by dividing the change in stress by the corresponding change in strain. Ultimate failure
in compression occurs due to failure of the resin to support the fibre in position and failure is in
shear and/or by buckling. Ultimate strength in flexural is the sum of both tensile and compressive
strength. Stress values (MPa) of two component (pure and impure), three and four component
68
glass and carbon fibre PI composites are shown in Figures 3.27-34 as a function of strain
(mm/mm). The average stress-strain values for all carbon and glass based PI composites are given
in Figure 3.35-3.36. The flexural strength comparison of all carbon and glass based PI composite
is given in Figures 3.37-3.38. A span of 32: 1 was used in the test. At least five specimens from
each PI composites were tested. No crushing of the sample by the loading nose was observed.
Most of the specimens bent in tension in the middle of the span. Tables 3.14, 3.15, 3.16, 3.17 give
the flexural strength and flexural modulus values for two (pure and impure), three and four
component glass and carbon fibre PI composites. The average flexural strength value for the two-
component impure carbon samples is 783.2 MPa and for glass sample is 547.2 MPa, while pure
two-component composites have the corresponding values of 802.7 MPa and 449.9 MPa on carbon
and glass fibre. Three component samples have average flexural strength values of 418.5 MPa and
364.8 MPa, respectively, for carbon and glass fibre composites. Four component samples have the
average values of 158.9 MPa and 142.9 MPa, respectively, for carbon and glass fibre composites.
Average flexural strength values were observed to be maximum for two component PI carbon
composites followed by three and then four component samples. Two component PI composites
exhibited higher average flexural modulus than three component due to a molecular stiffening
effect in two component PI backbone.
Table 3.14 Flexural Strength and Modulus Values of Two Component










2Ci1 18.900 869.2 49.55
2Ci2 20.233 825.7 42.594
2Ci3 17.231 774.3 45.719
Mean 18.788 823.1 45.954










2GM 14.086 485.8 20.323
2Gi2 20.442 749.1 22.36
2Ggi3 18.620 629.3 19.524
Mean 17.716 621.4 20.736
Std. Dev. 3.273 95.3 1.556
69
Table 3.15 Flexural Strength and Modulus Values of Two Component










2C1 19.219 890.2 46.858
2C2 17.256 775.7 52.975
2C3 19.196 902.4 42.158
2C4 18.143 821.9 51.09
2C5 21.064 963 52.126
2C6 18.713 773.4 40.311
Mean 18.932 854.5 47.586










2G1 17.723 712.2 20.563
2G2 18.555 648.9 22.804
2G3 10.862 359.6 20.939
2G4 16.122 518.1 20.75
2G5 13.739 390.1 19.505
2G6 15.113 401.5 16.37
2G7 17.314 580.9 20.888
2G8 14.173 328.8 18.067
Mean 15.450 492.5 19.986
Std. Dev. 2.520 143.6 1.984
Table 3.16 Flexural Strength and Modulus Values of Three Component










3C1 10.601 367.4 33.498
3C2 15.288 638.4 47.565
3C3 15.594 637.5 50.205
3C4 12.821 484.4 36.084
3C5 11.019 359.1 28.451
3C6 10.379 300.6 30.35
Mean 12.617 464.6 37.692










3G1 14.291 589.5 17.037
3G2 1 1 .632 413.1 15.02
3G3 1 1 .578 320.6 15.792
3G4 1 1 .400 438.8 22.989
3G5 13.907 465.4 15.123
3G6 9.433 331.3 18.015
Mean 12.040 426.4 17.329
1.797 98.7 3.005
Table 3.17 Flexural Strength and Modulus Values of Four Component










4C1 3.634 74 4.783
4C2 4.633 221.6 22.504
4C3 4.507 196.2 25.966
Mean 4.258 163.9 17.751










4G1 7.841 178.7 18.869
4G2 6.874 157.9 13.544
4G3 4.428 98.5 10.085
Mean 6.381 145 14.166
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3.6.6 Tensile Testing (ASTMD3039)
Tensile modulus is a relative stiffness of a material and is determined from a stress-strain
curve. The test specimen is positioned vertically in the grips of the testing machine. The grips are
tightened firmly to prevent slippage. The speed of the testing is set at the rate of 2 mm/min. As the
specimen elongates, the resistance of the specimen increases and is detected by a load cell. The
elongation continued until a rupture of the specimen is observed. Tensile strength is the force
applied per unit cross section area. Tensile strength at yield (psi) is the maximum load recorded
per unit cross section area where as tensile strength at break (psi) is the load at break per unit cross
section area. For achieving good tensile strength, transfer of load through the end tabs is critical,
which requires good adhesive bond. Therefore, longer end tabs and strong adhesive are necessary
for longitudinal specimens. Stress concentration at surface is of paramount importance. Tables
3.18, 3.19, 3.20, 3.21 give the peak stress values (MPa) and modulus (GPa) for the two component
(pure and impure), three and four component glass and carbon fibre PI composites. Average values
for peak stress are highest for two component carbon fibre composites samples (483.4 MPa) as
compared to three (388.2 MPa) and four (79.0MPa) components samples. While, in case of glass
fibre composites, three and four component samples showed the maximum average peak stress
(267.7 MPa and 253.1 MPa respectively) as compared to two component samples (157.3 MPa).
Figures 3.39-46 show the stress-strain curves for different glass and carbon fibre PI composites.
The average stress-strain values for all carbon and glass based PI composites are given in Figures
3.47-3.48. The Tensile strength comparison of all carbon and glass based PI composite is given in
Figures 3.49-3.50. It may be noted that the failures ofmost of the samples occurred much away
from the end tab. A few samples failed in the end tab region. This is denoted as per ASTM D 3039
as a GAT (grip/tab at top location) failure mode. The remaining samples exhibited failure due to
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lateral and angle splitting in the middle of the gage length (LGM/AGM failure mode). Photographs
of this failure mode are given in Figures 3.51-3.53.
Table 3.18 Tensile Strength andModulus Values of Two Component










2CI1 377.8 377.776 25.182
2CI2 279.1 279.109 22.222
2CI3 437.8 437.771 26.025
Mean 364.9 364.885 24.476










2GI1 249.1 249.069 12.878
2GI2 251 251 .004 14.003
2GI3 171 170.976 9.865
Mean 223.7 223.683 12.249
Std. Dev. 45.6 45.656 2139.714
Table 3.19 Tensile Strength and Modulus Values of Two Component










2C1 547.2 547.223 32.083
2C2 471.9 471.923 27.355
2C3 529.6 529.659 28.84
2C4 547.7 547.713 28.258
2C5 345.2 345.215 23.521
2C6 458.7 458.704 26.616
Mean 483.4 483.406 27.779










2G1 152.4 152.459 10.948
2G2 200.6 200.650 1 1 .997
2G3 122.3 122.292 1 1 .779




2G6 164.4 164.365 10.113
2G7 245 214.972 13.509
2G8 116.8 116.802 1 1 .739
Mean 157.3 159.720 11.716
Std. Dev. 35.0 37.013 962.143
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Table 3.20 Tensile Strength andModulus Values of Three Component













3C2 425.6 425.631 25.269
3C3 394 393.957 25.061
3C4 371.4 371 .376 21.041
3C5 497.3 497.343 24.665
3C6 377.4 377.368 25.241
3C7 415.4 415.458 25.47
Mean 388.2 413.522 23.426










3G1 314.2 314.219 10.796
3G2 259 258.989 9.109
3G3 301 301 .054 9.785
3G4 J 164.8 164.787 7.586
3G5 312.7 312.690 13.511
3G6 254.3 254.274 8.836
Mean 267.7 267.669 9.937
Std. Dev. 56.8 56.829 2047.588
Table 3.21 Tensile Strength and Modulus Values of Four Component










4C1 59.5 59.545 14.795
4C2 93.9 93.937 15.694
4C3 83.5 83.536 17.577
Mean 79 79.006 16.021














4G3 248.6 248.646 10.584
Mean 253.1 259.477 11.082
Std. Dev. 15.5 15.317 1152.609
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3.6.7 Izod Impact Testing (ASTMD256)
Izod impact test measures the energy required to break a standard specimen as the sum of
energies required to deform it, initiate its fracture and propagate the fracture across it. The notched
specimens provide a stress concentration area that promotes brittle rather than ductile failure. The
matrix influences the impact damage mechanism because delamination, de-bonding and fibre pull
out energies depend on fibre-matrix interfacial shear strength. Tables 3.22, 3.23, 3.24 give the
impact strength values of various PI composite laminates based on glass and carbon fibre. The two
component pure glass fibre composite exhibited higher impact strength than three or two
component impure samples, due to low fibre-matrix interfacial bond strength and the failure mode
is a combination of fibre failure and delamination. E glass fibre composites have the highest
impact energy because of relatively high strain to failure. Carbon fibre composites have low strain
to failure, which lead to low impact energies for these composites. Photographs of failed
specimens are shown in Figure 3.54. Four component samples were not impact tested as there was
not enough resin to fabricate samples for the aforesaid test.
Table 3.22 Impact Strength of Two Component






















Table 3.23 Impact Strength of Two Component
































Table 3.24 Impact Strength of Three Component





























3.6.8 OpticalMicroscopy andScanning Electron Microscopy (SEM)
The optical microscopy and SEM are powerful technique for studying the surface
characteristic of the polyimide composites. The surface appearance of the two, three and four
component PI composites were recorded before and after their failure by impact and tensile testing























































































































































































































































































































































































































































































































































































































































































































































4.1 Preparation ofzirconium complex
The TLC result for Zr(adsp)(dsp) obtained from column chromatography establishes the
identity of the complex as the same as that obtained
previously.27
4.2 Synthesis ofmellitic acid dianhydride (MADA)
Monoanhydride, two dianhydride isomers and trianhydride can be obtained by heating
mellitic acid (see Figure 4.1). Two dianhydride isomers are the preferred monomers for the
polymerization, while monoanhydride and trianhydride are the results of insufficient heating or
overheating, respectively. The presence ofmonoanhydride would terminate the polymerization
resulting in chain termination and low molecular weight polymer, while the presence of
trianhydride would result in cross-linking to produce branched polymer or gel. Upon heating, one
mole ofMADA is expected to lose one mole of water and be converted to trianhydride.
Theoretically, the TGA curve of 100% pure MADA would show only one step weight loss of
5.8%. Thus, the observed one step weight loss of 5.8% confirms the purity ofMADA (Figure 3.2).
4.3 Synthesis ofthe two and three componentpoly(amic acid)
The parent polymer was prepared by solution polymerization using freshly dried solvent
NMP by addition of diamines to dianhydrides because not all of the dianhydrides were dissolved at
the outset. Since the polymerization reaction is a step polymerization, the molecular weight of the
product polymer depends highly on the purity and the stoichiometric ratio of the monomers. Based
on their colors, the purity ofmonomers ODPA and 3,4'-ODA was improved by sublimation three
times. It is critical to maintain the sublimation temperature a little bit above the melting
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temperature during the process of purifying
3,4'
-ODA and ODPA. Decomposition occurs if the
sublimation temperature exceeds 30C above the melting point. At this point, light brown crystals










Mellitic Acid Anhydride Trimellitic Acid
Figure 4.1 MADA and Byproducts
Because the dianhydride monomers are sensitive to water, the solvent was dried by
distillation using drying agent, calcium hydride, CaH^ to get anhydrous NMP. The purity of the
solvent is also critical to produce high molecular weight polymer. The polymerization is carried on
under nitrogen atmosphere to protect the polymerization from moisture and oxygen from the air.
The presence of water molecular will open the anhydride ring, and the presence of oxygen will
oxidize the diamines, both of which lowers the reactivity of monomers and produces low
molecular weight polymer.
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Another factor relevant to the production of a high molecular weight is the reaction
temperature. This temperature should be as low as possible so as to extend the reaction time. The
degree of polymerization is a function of the reaction time, the high molecular weight can be
obtained by quenching the reaction, e.g. by
cooling.28
This temperature should be as low as
possible to extend the reaction time. Reaction temperature for synthesis of poly(amic acid) is 0C.
Efficient cooling is also required to compensate for the heat of reaction, and minimize the reverse
reaction.
Slow, drop-wise, addition of the diamine (3,4'-ODA) to the dianhydrides (ODPA and
MADA) and efficient stirring are also required to enable the best contract between diamines and
dianhydrides, which favors the higher molecular weight polymer. Keeping the monomers in exact
stoichiometric ratio is very important for obtaining high molecular weight polymer in step
polymerization. If a monomer is in excess, it becomes the end group of each polymer chain,
preventing further chain growth. This three-component PAA was a novel product19.
4.4 Synthesis ofa zirconium-pendentfour-component PAA
Zr(adsp)(dsp) is appended to the polymer backbone by reaction between the amino group
of Zr(adsp)(dsp) with the adjacent carboxylic acid groups in the polymer backbone. Anhydride
like intermediate of the polymer backbone results from dehydration of the adjacent carboxylic acid
groups ofMADA with addition of dehydration reagent, N,N'-dicyclohexylcarbodiimide (DCC).
During the synthesis, DCC was added into the mixture of poly(amic acid) and Zr(adsp)(dsp)
solution dropwise to prevent the formation of gel. Otherwise, the formation of gel can be explained
by the conversion of the polyamic acid to the NMP-insoluble polyisoimide where the adjacent
carboxylic acid group and amic acid group react to form the isoimide ring. Alternatively, gel
formation can be caused by diminished polymer chain mobility in solution.
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The completion of Zr complex attachment to the polymer backbone is confirmed by TLC.
Before adding DCC to the polyamic acid and Zr(adsp)(dsp) solution, TLC separation of the
solution shows a free zirconium complex spot. After addition of sufficient DCC, the spot
corresponding to free Zr(adsp)(dsp) is no longer present. This Zr(adsp)(dsp) pendent four
component polyamic acid was also a novel product19.
4.5 Fabrication ofglass and carbon fibre polyimide composites prepregs
The glass and carbon fibre polyimide composite prepregs were fabricated using a hand lay
up technique. Four layer laminates were fabricated for the flexural and impact testing, and single
layer laminates were fabricated for the tensile testing and DMA analysis. During the fabrication of
composites, the polyimide resin was diluted, in all cases, with dry NMP solvent for the better
interpenetration of resin within the bundles of fibres. Highly viscous resin when applied would
result in variation in coating thickness with more resin at few corners than elsewhere. This could
lead to poor mechanical properties. Heating the prepregs at 160C (just below the imidization
temperature) was necessary so as to allow most of the solvent to evaporate before imidization to
get the void-free composite laminates.
4.6 Imidization ofglass and carbon fibre composites prepregs
The glass and carbon fibre prepregs were imidized using an autoclave technique. The dried
prepreg four layer laminates and single layer
laminates were placed in the autoclave in two
batches. Processing conditions (time and temperature), which are most commonly used to induce
imidization without decomposition, were chosen for fabricating the laminates . As the structure of
two- component polyimide corresponds to NASA's LARC-IA polyimide, recommended pressure
of 1.72MPa (250 psi) was used to obtain well-consolidated laminates. The prepregs must be
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depleted of solvent/ volatile generated by the reactive matrix resin to produce a void-free
composite. When fully imidized, some PI exhibit visco-elastic solid-like behavior and a pressure
of 250 psi becomes inadequate to facilitate matrix resin impregnation within the fibre structure.
Consequently, pressure must be applied in the beginning so as to achieve higher degree ofmelt
fluidity in the residual PAA, to increase melt flow by the plasticizing effect of solvent, and to
achieve the desired pressure at the imidization temperature. Pressure applied in the autoclave
provides force to consolidate the plies and to compress vapor bubbles to obtain a product with
minimum void content. A vacuum is applied within the bagging film to achieve a uniform pressure
on the laminate and to draw out volatiles created during the cure. All the glass fibre laminates were
brown in color while carbon fibre laminates were black. The laminates were void free and smooth
with uniform thickness.
4.6 Characterization ofcomposites
4.6.1 Burn test to determine weight ratio ofresin tofibre in composite laminates
Though the percentage difference in the resin : fibre ratio (33:67 to 44:56) would effect the
mechanical result, it would not have a drastic effect. Moreover, the ratio was quite closer in case of
all glass (33:67 to 37:63) and all carbon (35:65 to 44:56) fibre composites. The results have been
confirmed by carrying out the burn test three times on each sample
and taking their average.
4.6.2 Density ofglass and carbon fibre composite laminates
The density of all the glass fibre laminates were close to 2
g/cc and all the carbon fibre
laminates were close to 1.37 g/cc.Thus, the presence of large bulky group to the tune of 10 mole %
in four component PI samples did not have large affect in the overall density of the composite.
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4.6.3 Dynamic MechanicalAnalysis (DMA; ASTMD5023)
DMA is simply applying an oscillating force to a sample, and analyzing the material's
response to that force. It measures the storage modulus, the loss modulus and the tanS values (ratio
of loss to storage modulus) for a particular material. To the applied force, called stress, a material
exhibits a deformation or strain. The storage modulus, E', gives the local bending stress within a
material i.e. the microscopic resistance to deformation. The
E'
is dependent on the temperature and
the applied stress. As the modulus is inversely proportional to the cube of the thickness, a slight
overestimation of the thickness could result in large underestimation of the modulus. The thickness
for the two, three and four component polyimide laminates were quite comparable although there
was a difference in the weave of the carbon and glass fibres. Hence the different thicknesses were
the predominant cause of the difference in
E'
values for the glass and carbon fibre composite
laminates. Therefore, during the thickness differences measurement, care needs to be taken to
measure the thickness at a few places along the length of the laminates, and the average thickness
recorded. The
E'
values so obtained could be a bit under or overestimated. Since glass fibre had a
much looser weave than carbon, variation in thickness was more evident for glass fibre composite,
and this probably resulted in a lower
E'
than the actual. But even then, four component polyimide
composites showed higher
E'
value in case of glass fibre composites than two or three component
samples. This was due to strong adhesion of zirconium complex to the glass fibre at the surface
and/or stronger polymer-polymer interactions. In the case of carbon fibre PI composite, while the
polymer-polymer interaction exists, the surface adhesion of Zr complex to the fibre, which is
responsible for the higher
E'
value in glass, is less. This also shows that fibre is a factor in the
performance of composites, which leads to higher modulus values. This property is of interest to
NASA for various adhesive applications. The trend in the
E'
values is similar at temperature at Tg,
Tg-50C and at 300C (which spans the working temperature for a particular PI application). Four
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component glass and carbon polyimide composites also have higher thermal stability compared to
two or three component samples as evident by 12 to 15 C shift to higher temperature of the
modulus maximum corresponding to glass transition temperature. Therefore, facile modification of
the chemical structure enhances the fhermo-mechanical properties of the final PI composites,
making it useful for a variety of applications. It was also observed that tan 5 values for all PI
composite samples were less than one. This indicates a liquid-like visco-elastic behavior for the
composite samples.
4.6.4 Hardness Testing (ASTMD785)
Hardness is the resistance of a material to deformation, particularly permanent
deformation, indentation or scratching. Hardness is purely a relative term and can differentiate the
relative hardness ofdifferent grades of the same polymer resin. The Rockwell Hardness test on
scale M (scale for high hardness plastic material) was performed on the polyimide composite
laminates. This test measures the net increase in depth impression as the load on an indenter is
increased from a fixed minor load to amajor load. Due to greater heterogeneity in composite
laminates, the true hardness value is difficult to estimate as evident from the scatter in their values
in Table 3.8-3.11 (10-20). The regions ofhigh and low resin contents could vary the hardness
value drastically. The hardness for the four component polyimide composite was higher in glass
fibre than two or three component samples, while it was slightly lower than two components ones
in case of carbon fibre polyimide composites. Still, they are reasonably high enough for the NASA
application that drives this research. Greater hardness in polyimide laminates is due to active role
of the fibre in reinforcing the polyimide resin. The greater hardness of our
four component
polyimide laminates on glass is due to due to strong adhesion of the Zr complex to the glass fibre
and/or the interaction of the Zr-pendent polymer chains with each other.
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4.6.5 Flexuralproperties (ASTMD790)
Flexural strength is the ability of the material to withstand bending forces perpendicular to
its longitudinal axis. The stresses induced by the flexural load are a combination of the
compressive and tensile stresses. The topside is under compression while the bottom surface is
under tension. The four ply glass and carbon fibre polyimide laminates were flexural tested using
three point bending tests. The material properties are assumed uniform throughout the thickness
and flexural response of the beam is obtained by measuring applied load and corresponding strain.
For a beam of rectangular cross-section, flexural strength is the value of stress on the surface of the
specimen at failure. The larger span of the beam results in higher bending moment and thus
increased tendency for longitudinal failure. However, larger span : depth ratio result in larger
deflections, which in turn, makes it necessary to account for the horizontal forces developed at the
supports.
Slight thickness variation due to variation in the amount of resin in each laminate, the non-
uniformity of the resin distribution, presence of voids or defects in laminates or poor consolidation
of resin could lead to large variation in the calculation of flexural strength . The trend in the
flexural strength was similar in case of both glass and carbon fibre PI composites. Flexural
strength of two component PI composites was found to be larger compared to three or four
component PI samples in case of both glass and carbon fibre composites. This indicates two
component polymer has a better coupling ability or greater fibre-polymer interactions and stronger
interface than three or four component laminates. The microsegregation within the material or the
poor interface between the resin and fibre leads to a weak link and failure at that point and
therefore the material has lower flexural strength as was in case of three and four component PI
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samples. Flexural modulus was quite similar for two, three or four components PI composites in
both glass and carbon composites. These microvoids do not show up at all in the flexural modulus.
4.6.6 Tensile testing (ASTMD3039)
Tensile strength is the ability of a material to withstand forces that tend to pull it apart and
to determine to what extent the material stretches before breaking. The single layer glass and
carbon fibre polyimide laminates were tested as per ASTM D 3039. End tabs made from
unidirectional non-owen E- glass fibres have proved to be satisfactory. The tabs should have
thickness at least 1.5 times the thickness of the test specimen. For a good tensile strength, transfer
of load through the end tabs is critical, which requires an excellent adhesive bond. Slight
misalignment of the fibre direction and the sample direction while machining the samples could
introduce a systematic error into the experimental results. The slope of load displacement curve
does not remain constant throughout the test. This might be due to cracking in matrix dominated
areas of the composites. The woven fabric composite laminates provide properties that are more
balanced in
0
and 90directions. Molecular orientation has a significant effect on tensile strength
values. A load applied parallel to the direction of molecular orientation yield higher values than
applied perpendicular to the orientation. Tensile strength tells us the strength of the fibre in
longitudinal direction and not much affected by the non-uniform resin distribution as is flexural
strength data. The wetting of fibres with resin is critical to have good tensile strength values in
longitudinal direction. Any reduction in tensile strength in the direction of loading would result in
lowering of the strength of the composites. The interface shear stresses may separate the fibres
from the remaining composites by propagating the crack along the length of the fibre. When this
happens, the fibres become totally ineffective and the composite is acting as if it were a bundle of
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fibres. For this case, the strength of the composites is not enhanced by the presence of a matrix
material.
Thus, the interfacial bond between the matrix and the fibres is an important factor
influencing the mechanical properties and performance of the composites. The interface is
responsible for transmitting load from the matrix to the fibres, which contribute the greater portion
of composite strength. When a strong bond exists between the fibres and the matrix, the fibres
remain effective even after the fibre breaks at several points along its length.
We observed the four component glass fibre samples to have much better tensile strength
comparable to three component while two component samples showed low tensile strength on
glass. This is due to strong fibre-polymer adhesion due to presence of zirconium complex in
polymer and good translation of fibre properties into the composites. In case of carbon fibre
composites, tensile strength values of two and three component samples were quite comparable
while four component samples showed lower tensile strength values. This was probably due to
lower fibre-polymer interactions in case of four component carbon PI composites.
4.6. 7 Izod Impact testing (ASTMD256)
The impact properties of a material represent its capacity to adsorb and dissipate energies
under impact or shock loading or it is the ability to resist the fracture under stress at high speed.
The impact tests in composites does not yield basic material property data, but are useful in
comparing the failure modes and energy absorption capabilities of two different materials under
identical condition. The impact energy is influenced by the fibre-matrix interfacial shear strength.
At high levels of fibre-matrix adhesion, the failure mode is brittle and relatively little energy is
absorbed. Here, the molecular segments are unable to disentangle and restored to rapid application
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ofmechanical stress. At very low level of adhesion, multiple delamination may occur without
significant fibre failure. At intermediate levels of adhesion, progressive delamination occurs,
which in turn produces high impact energy absorption. In the brittle fracture, a fracture occurs
extensively without yielding. Slight cracking shows yielding without losing shape or integrity. The
four layer glass and carbon fibre composites were impact tested as per ASTM D256. The
specimens were notched to produce high stress concentration and thus minimizing the energy
required for initiation of fracture. The total measured energy required for fracture is then the
energy for propagation of the fracture. The mode of fracture and thus the energy absorbed are
influenced by variables such as fibre orientation, specimen geometry, velocity of impact and other
test arrangements. The two component glass fibre PI samples exhibited higher impact strength than
three component samples due to lower fibre-matrix interfacial shear strength. Stronger fibre-
polymer interactions and higher rigidity of the MADA based three component PI composites lead
to more brittle failure and lower impact strength. The pure two component samples yielded higher
values than impure two components ones. Due to insufficient sample, four component samples
could not be impact tested and compared with two or three component PI laminates.
4.6.8 OpticalMicroscopy and ScanningElectronMicroscopy (SEM)
It was observed from the optical pictures that two and three component samples underwent
interfacial failure along the fibre-matrix boundary in case ofboth glass and carbon fibre PI
composites under impact testing. The failure modes include fibre de-bonding, fibre pull-out and
fibre breakage. The fracture surface shows the numerous protruding fibres with little resin
adhering to them. In case of four component tensile
failed glass specimen, the interfacial fibre-
matrix strength appears greater. The fibre de-bonded but there was no fibre pull-out.
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The SEM pictures also support the above observations. A very rough surface with evidence
ofpull out is seen in SEM in the impact failed specimen. In case of four component glass fibre
composite, good dispersion of the fibre in the matrix and good adhesion between the fibre and
matrix at higher magnification was observed in tensile failed specimen. All the fibre pulled out had
depris of resin attached to it. In four component carbon fibre composite, clear evidence for the
poor adhesion between the fibre and matrix, which is responsible for low tensile strength, is
observed. The fibre surface appears clean leaving smooth channels in resin.
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5. SUGGESTION FOR FUTURE WORK
Future work may concern the following points:
(1) Optimize the processing condition of polyimide composites by imidizing the four component
PAA at different temperature and pressure to achieve best mechanical property combination.
This would need preparing polyimide resin in bulk.
(2) Increase the mole percentage of Zr complex in PAA by increasing the mole percentage of
MADA in PAA.
(3) Varying the mole ratio of Zr complex to be attached to three component polyamic acid (3,4'-
ODA/ODPA/MADA) and fabricate composite at one selected processing condition.
(4) Prepare multilayer glass and carbon fibre composite (8 to 16 ply) and carry out all necessary
mechanical testing to be compared with the commercial polyimide.
(5) Trying out different types diamines and dianhydride to synthesize polyamic acid and compare
the results with the one prepared using ODA and ODPA/MADA based polyimide.
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6. CONCLUSIONS
The two component 3,4'-ODA/ODPA and the three component 3,4'-ODA/ODPA/10%
MADA polyamic acid and polyimide were synthesized by using the solution polycondensation
technique in freshly dreid solvent 1 -methyl-2-pyrrolidone (NMP). The Zr(adsp)(dsp) complex was
attached to the three component 3,4 '-ODA/ODPA/MADA polyamic acid to give atomic oxygen
resistant polyamic acid and polyimide. The addition is accomplished with dicyclohexyl
carbodimide (DCC) at room temperature. 10 mole % of the complex was attached to PAA in NMP
solvent. The starting materials, 3,
4'
-ODA and ODPA, except forMADA, were sublimed three
times to achieve higher solution viscosity, transparency and high average molecular weight.
The formation ofpureMADA was confirmed by TGA experiment and the TLC results
confirmed the formation of four component polyamic acid.
Glass and carbon fibre polyimide composite prepregs were fabricated using hand lay-up
technique. The polyimide was impregnated with glass and carbon fibres in the ratio of40:60 of the
resimfibre forming a prepreg by heating the laminate at 100C for an hour followed by heating the
laminate at 160C for another one hour allowing the solvent to evaporate. The resin applied on the
fibre was diluted with dry NMP solvent for smooth and uniform coating. These prepregs were then
thermally cured under high pressure and temperature as four ply and single ply laminates in an
autoclave using a vacuum bag lay-up technique at the Center for Composite Materials at
University ofDelaware at 300C and 170-180 psi for 1 hour. Pressure and vacuum were applied in
the beginning of the cycle. The molding cycle used is standard for imidization of similar polyamic
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acids, and yielded uniform, nearly void-free composites. The laminates were machined and cut at
Xerox Corporation as per the dimensions specified by ASTM for each test.
Tensile strength and DMA tests were performed on single ply glass and carbon composite
laminates while other mechanical tests such as flexural strength, hardness and impact strength tests
were performed on four ply glass and carbon fibre composite laminates at room temperature.
These mechanical properties were compared to those for two, three add four components PI
composite samples obtained under similar conditions. Properties such as storage modulus, E', in
DMA test, hardness, flexural strength, tensile and impact strength were observed to be better in
two component carbon fibre samples compared to three and four component laminates. Whereas,
four component glass fibre composites showed better performance in tensile strength,
E'
and
hardness. This was due to strong fibre-polymer interactions, which are likely to have been
enhanced by the presence ofmixed ligand zirconium complex in resin. The DMA results show that
the Zr(adsp)(dsp) pendent polymer has a high glass transition temperature and high thermal
stability.
Finally, the optical and SEM pictures were taken and used to observe the surface
phenomenon, the interface between the fibre and the matrix. The failure mechanism in impact,
flexural and tensile testing were similar for two, three and four component carbon samples while in
case of glass fibre composite, the fibres were stretching apart in tensile test. Most of the samples
failed away from the end tab region in tensile testing.
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